Language comprehension age equivalency NSMI No speech motor involvement ROC Receiver operating characteristic SMI Speech motor involvement AIM We examined receptive language developmental trajectories between 18 months and 54 months for three clinical speech-language profile groups of children with cerebral palsy (those with speech motor involvement, without speech motor involvement, and with anarthria) and quantified differences from age-level expectations. We identified latent classes of comprehension development, related these classes to clinical profile groups, and examined how well early receptive language predicted outcomes.
INTERPRETATION Early language comprehension abilities are highly predictive of language comprehension growth trajectory and suggest that children with early language delay, particularly those who are non-speaking, should receive language intervention to support development.
Many children with cerebral palsy (CP) experience some type of speech, language, and/or communication problem. 1, 2 Problems may include dysarthria, a speech motor disorder that often has critical detrimental impacts on speech intelligibility, language and/or cognitive difficulties, or a combination of both speech and language/cognitive problems. 3 Any one or more of these can lead to functional communication challenges. In addition, gross and fine motor involvement affecting the limbs can have adverse effects on the ability to use gestures, pointing, and written modes of communication.
Recently, longitudinal work has shown that early speech production ability is highly predictive of later outcomes. 4 Specifically, children with CP who speak well enough to repeat utterances in an elicitation task by 2 years of age make faster gains in intelligibility and utterance length, resulting in better speech production abilities at 4 years of age. This work also showed that children with CP who were not yet talking at 2 years of age were very likely to have significant speech, language, and communication challenges at 4 years of age. 4 However, parallel studies have not yet provided a detailed examination of trajectories of change in language development among these children.
Language abilities in children with CP can vary and seem to be related both to severity and type of motor involvement, as well as the presence of concurrent intellectual disabilities. 5, 6 Studies generally suggest that non-speaking children with severe motor impairment, regardless of type of motor disorder, have delayed language comprehension. Within motor involvement type, children with spastic CP tended to have language comprehension deficits that were more severe and generally below age expectations relative to language comprehension in children with dyskinetic CP. 7 In addition, receptive communication growth trajectories seem to be more favorable for children with CP without intellectual disabilities. 8 However, what growth trajectories look like over time and the extent to which rate of change follows developmental expectations is unknown. In addition, the speech motor abilities of children with CP in previous studies have not been characterized; thus, a thorough understanding of how development of receptive language relates to speech production is not available.
In the present study, we sought to examine change in receptive language among children with CP on the basis of speech production abilities using a prospective longitudinal cohort design. A main goal was to examine developmental change in receptive language by speech-language profile group (those with speech motor involvement [SMI] ; those with no speech motor involvement [NSMI] ; and those with anarthria) following our earlier work, 3, 9 and to examine trajectories of development relative to age-level expectations. Specific questions for the present study were as follows. (1) What do receptive language developmental trajectories from 18 to 54 months of age look like for each of three clinical profile groups (which were determined at 48-54mo)? To what extent, and how, do children in each group differ from age-level expectations? (2) Are there distinct and discernable (latent) patterns of language development based on receptive language growth trajectories from 18 to 54 months of age across children with CP? How many different patterns or groups are present in the data, what do they look like, and how do they relate to clinical profile groups? (3) How well does early life language comprehension performance, at age 24 to 30 months, predict future language comprehension growth in terms of these latent patterns?
METHOD Participants
Participants were selected from a larger cohort of children (n=139) participating in a longitudinal study on communication development in children with CP. Between 2005 and 2012, children were recruited through local and regional neurology and physiatry clinics in the Upper Midwestern region of the USA. Children were between 18 months and 60 months old upon initial enrollment. Children were seen twice per year, roughly 6 months apart, until their eighth birthday, after which they were seen for yearly visits. Criteria for inclusion into the larger study required that children had a medical diagnosis of CP and hearing within normal limits as documented by either formal audiological evaluation or distortion-product otoacoustic emission screening. To be included in data presented in this paper, we required each child to have contributed at least two longitudinal time points and to have no codiagnosis of autism spectrum disorder. Ethical approval for this study was obtained from the University of Wisconsin -Madison Institutional Review Board for Social and Behavioral Sciences. All parents and children provided informed consent to participate in this study.
A total of 85 children (43 females, 42 males) met our criteria and were included in the data set presented here. Each child contributed two to eight data points, for a total of 322 data points across the 85 children, yielding a mean of 3.8 (SD 1.6) and median of four data points per participant. All children were from homes where English was the primary language. Children were born in the USA between 2001 and 2009. Demographic information including CP diagnosis is presented in Table I .
Materials and procedures
For the larger prospective longitudinal study, a speech-language evaluation protocol was administered by a research speech-language pathologist in a sound-attenuating suite. For the present study, receptive language results were of primary interest. The following measures were administered, depending on the child's age, developmental level, and motor skill profile: The Test of Auditory Comprehension of Language, Third Edition, 10 the Preschool What this paper adds
• There are two growth trajectories for language comprehension among children with cerebral palsy.
• Children with speech motor impairment had a constant 6-month receptive language delay.
• Children without speech motor impairment had age-appropriate receptive language.
• Non-speaking children had significant receptive language delay.
• Early language comprehension change was highly predictive of later trajectory group.
Language Scale, Fourth Edition, 11 and the Peabody Picture Vocabulary Test, Fourth Edition. 12 Children younger than 36 months received the Preschool Language Scale, which assesses earlier acquired skills with portions administered by parent interview. For all children 36 months of age and older, the Test of Auditory Comprehension of Language was attempted. An important advantage of this test is that completion requires limited motor skills, as response options are presented in a field of three discrete pictures which can be selected using manual direct selection or partner-directed scanning. However, if a child was not able to participate in administration of the Test of Auditory Comprehension of Language, the Preschool Language Scale was administered. The Peabody Picture Vocabulary Test was administered to children who could not tolerate the longer Test of Auditory Comprehension of Language, but who could participate in picture pointing tasks by manual direct selection or partner-directed scanning. On a child-by-child and item-by-item basis, standard administration procedures were adapted to enable participation in testing for items involving manual manipulation. Instructions in the technical manuals were followed for setting up adaptations. Scores on each of these three language tests were used interchangeably on the basis of well-established content validity for the measurement of receptive language. 10, 11 We note that the Peabody Picture Vocabulary Test only provides information about receptive vocabulary and thus is not a comprehensive measure of receptive language abilities. However, because of its ease of administration and frequent use in hard-to-test populations, we included it to provide at least a cursory window into language comprehension for those children who could not complete other tests.
Scores on the three different language tests were converted to age-equivalent values following the technical manual for each of the tests. This placed all scores on the same age-based scale, regardless of the test, and allowed us to examine whether average age-equivalent comprehension score was equal to chronological age. It also allowed us to test statistically whether trajectories of change followed a slope of 1, which would be expected under a typical developmental trajectory (e.g. age-equivalent language comprehension at age 36mo is expected to equal 36mo).
At 48 to 54 months, children were classified into one of three speech-language profile groups following our earlier work. 3, 9 We used a retrospective classification approach where we looked backwards in time at early behavior, given knowledge of later outcomes because our studies suggest that children with CP cannot be readily classified using the speech-language profile group paradigm before 4 years of age. 13 Studies seeking to identify earlier emerging classification paradigms using prospective modelling are currently underway, but until results are available, findings from retrospective classification models provide useful information about how children get to their later classification outcomes.
Classifications were made on the basis of clinical judgement of the presence or absence of speech motor impairment and the presence or absence of language impairment. Children who were classified as having NSMI had no clinical evidence of speech or language impairment based on clinician observation during the data collection session and were confirmed by review of video and audio recordings after the session.
Children who were classified as having SMI, by definition, had clinical evidence of dysarthria. Speech motor impairment was determined through clinical observation of the presence or absence of common features of dysarthria, including facial asymmetry, drooling, hypernaslity, short breath groups, breathy, harsh, or wet vocal quality, imprecise articulation, and consonant or vowel substitutions, distortions, or omissions that were not age-appropriate. Perceptual judgements were made during two tasks: (1) a delayed imitation task in which the child produced a standard set of sentences ranging from two to seven words in length following an adult model; 14 and (2) a spontaneous speech sample either between the child and parent or the child and clinician. Receptive language abilities at 48 to 54 months of age were determined on the basis of standardized test results for the measure that each child was able to complete at 48 to 54 months as described above. Determination of receptive language delay was based on standard scores that were 1.5 standard deviations below age expectations per the technical manual of respective tests. [10] [11] [12] Children who had language comprehension impairment and SMI were classified as SMI-LCI; those who had language comprehension that was typically developing and SMI were classified as SMI-LCT.
Children who were classified as having anarthria produced fewer than five words or word approximations on the basis of parent report and clinician observation during the data collection session. Classification into one of these four groups was done by a research speech-language pathologist on the basis of objective testing data (i.e. language comprehension scores, intelligibility scores, oral motor performance) and on review of videotaped spontaneous communication samples, as needed. See Table I for demographic characteristics of children by speech-language profile group.
Statistical analyses
To address the first research question, language comprehension age equivalencies (LCAEs) were modelled against chronological age in months in a repeated-measures linear mixed model with random effects for each participant's intercept and slope, fitting separate models for each profile group. For each profile group, we simultaneously tested whether the mean LCAE at 24 months and at 48 months was different from 24 and 48 respectively, and whether the average slope (of LCAE vs age) for each clinical profile group was different from 1. We note that, within this model, the mean LCAE value of 24 at 24 months or of 48 at 48 months, and a slope of 1, represent the 2 degrees of freedom joint null hypothesis that the group was developing typically (i.e. along a line with intercept 0 and slope 1). When we rejected this null hypothesis, we then went on to separate post hoc tests of whether the mean LCAE at 24 months and 48 months differed from 24 months and 48 months respectively, and/or the slope differed from 1.
To address the second research question, we performed growth mixture model analysis of the LCAE trajectories across 18 to 54 months. In these models, we assumed that the population was divided into some number of latent classes, each characterized by a specific typical growth trajectory (an intercept and a slope), and modelled by a classspecific linear mixed model. 15 The growth mixture model adjusted for correlation between repeated measures on the same participant, and allowed for multiple latent classes, which were assigned to participants on the basis of the posterior probability of being in that class. Our model specification included random effects for each participant's intercept and slope, and allowed for class-specific variances and covariances of the random effects, as well as class-specific error variance. The models were fitted with an extended Marquardt algorithm, which is a variant of Newton-Raphson optimization. 16, 17 A set of 100 random initial values was used to avoid optimizing the likelihood at local maxima. 18, 19 The Bayesian information criterion was used for model selection. 20 We assumed there were one to three underlying latent classes. We described the fitted classes using the estimated mean trajectory, coplotted with individual observed trajectories, color-coded according to their posterior class assignment.
To address the third research question, we exploited the fitted growth mixture model with two classes. In the context of this model, we examined how well language comprehension measured only at 24 months and 30 months using early language comprehension tests described above predicted latent class membership (and, by extension, future language comprehension growth) across the entire 18-month to 54-month age span. To quantify the prediction, we performed a receiver operating characteristic (ROC) curve analysis 21 for predicting membership in one of the two latent classes as a function only of measurements at 24 months and 30 months, obtaining both the ROC curve and the area under the curve. We executed this computationally using a large-scale simulation model. We used the estimated latent class model parameters to simulate measures at 24 months and 30 months for 1000 computer-generated 'children', half with underlying class 1, and half with class 2. Simulated measures were random values generated from a bivariate normal distribution using the estimated mean and covariance for each latent class at 24 months and 30 months. Then, for each simulated child, we estimated a risk score: the likelihood of being in class 1 versus class 2. Finally, we estimated the diagnostic value of the risk score in predicting class 2 versus class 1 membership in an ROC analysis. Bootstrap resampling, 22 from our original sample of 85 children, was used to obtain standard errors and to construct confidence intervals for model parameters, including the ROC curve and corresponding area under the curve.
RESULTS

Developmental trajectories by clinical profile group
Individual trajectories of LCAE scores are shown in Figure 1 , by clinical profile group. Note that the gray line showing a slope of 1 in the figure reflects the expected trajectory for a typically developing child. A cubic smoothing spline with 3 degrees of freedom shows the average trajectory of LCAE versus chronological age for each clinical profile group. Table II shows estimates from the repeated-measures random effects models for each of three clinical profile groups, and these are displayed in Figure 1 along with the individual trajectories for each participant. From the fitted models, we computed the estimated mean LCAE value for each group at ages 24 months and 48 months. These ages were chosen because they encompassed the largest number of observations while still representing the range of participant ages. In all three groups, the joint 2 degrees of freedom test of whether the mean at age 48 months differed from 48 and the slope differed from 1 was rejected (p<0.001), so individual tests of age-specific means and slopes were also performed (see Table II ).
For the children who were unable to produce speech (anarthria group), at age 24 months and 48 months, the average LCAE was 6.1 (standard error 0.9) and 10.0 months (standard error 1.6) respectively. Both means were statistically lower than the chronological age of 24 months and 48 months (p<0.001). The slope was 0.16 (standard error 0.07), which was significantly different from 1 (p<0.001), reflecting growth that was considerably slower over time than developmental expectations. For the SMI group, at age 24 months and 48 months, the average LCAE was 17.6 (standard error 1.3) and 42 months standard error 2.2) respectively. Both means were significantly lower than the chronological age of 24 months and 48 months (p<0.001) but much more in line with norms than the anarthria group. The slope of 1.02 (standard error 0.07) was not statistically different from 1 (p=0.8), reflecting a developmentally appropriate growth rate over time.
Among the NSMI group, at age 24 months and 48 months the average LCAE was 21.2 (standard error 1.9) and 52.5 months (standard error 1.7). While the former was not different from 24 (p=0.14), the latter was significantly higher than 48 (p=0.007). The slope was 1.31 months (standard error 0.099), which was significantly different from 1 (p<0.001), reflecting moderately accelerated growth (i.e. the slope of change over time was faster than expected for typically developing children) over this age range.
Patterns (latent classes) of language comprehension development
We fitted models with two and with three latent classes in the growth mixture modelling, and allowed the initial values to vary so as to find the highest likelihood, and not merely local maxima. The best model with two latent classes had a Bayesian information criterion of 2175.7, with an estimated 29 participants in class 1 and 56 participants in class 2, while the best model with three latent classes had a Bayesian information criterion of 2171.6 with three participants in class 1, 53 participants in class 2, and 29 participants in class 3. Note that descriptive examination of the data revealed that the three children who constituted class 1 in this model all had LCAEs that got worse over time; one was in the anarthria group and two were in the SMI group. Even though the Bayesian information criterion was lower (indicating a better model fit) for the three-class solution, the very small class 1 detracted from model parsimony to a degree that all further analyses were done using the model with two latent classes. The estimated probability of class membership was 34% (95% CI 25-45) for class 1 and 66% (95% CI 55-75) for class 2.
LCAE growth trajectories for each participant are shown in Figure 2 , which was obtained by randomly assigning each participant to a class on the basis of their posterior probabilities of latent class membership. Note that posterior probabilities reflect the likelihood of being placed into each latent class, given observed data from the latent class model. We also include the linear mixed model fit of the average LCAE for each latent class. The figure shows clear separation in the two latent classes. Table III shows the estimates from the latent class models. In both classes, the joint test of whether the mean at age 48 months differed from 48 and the slope differed from 1 was rejected (p<0.001), so the individual tests of intercepts and slopes were also performed (see Table III) . Class 1 will hereafter be referred to as the 'developmentally delayed trajectory' group. For children in this group at age 24 months and 48 months, the average LCAE was 6.1 (standard error 1.0) and 7.7 months (standard error 0.62) respectively. Both means were statistically lower than the chronological age of 24 months and 48 months (p<0.001). The slope was 0.07 (standard error 0.05), and was significantly different from 1 (p<0.001), reflecting growth that was considerably slower over time than developmental expectations.
Class 2 will hereafter be referred to as the 'developmentally typical trajectory' group. For children in the developmentally typical trajectory group, at age 24 months and 48 months, the average LCAE was 19.6 (standard error 1.4) and 47.4 months (standard error 1.2) respectively. While the former was significantly different from 24 (p=0.001), the latter was not different from 48 (p=0.6). The slope for class 2 was 1.16 (standard error 0.04), which was close to but statistically different from 1 (p<0.001), reflecting growth that was slightly accelerated relative to developmental expectations.
To investigate the degree to which the latent trajectory classes predicted clinical profile group at 54 months, we cross-classified the two on the basis of the aforementioned random class assignment (Table IV) . Nearly all (93.1%) children in the developmentally delayed trajectory group were classified into the anarthria profile group. Of the two children who were classified into the developmentally delayed trajectory group, but who were members of the SMI profile group, both made very little change in their LCAE scores, and both had very limited speech production ability that was primarily at the single-word production level with limited intelligibility.
Nearly all (94.6%) of the children in the developmentally typical trajectory group were classified in either the SMI or NSMI groups. All the three children who were in the typical trajectory group, but who were members of the anarthria group, made considerable change over time in their language comprehension scores, similar to the Fisher's exact test for count data, p<2.2910
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. ANAR, anarthria profile group; NSMI, no speech motor impairment profile group; SMI, speech motor impairment profile group (pooled across language abilities). children in the SMI group with whom they were classified. This strong separation of categories provides prospective validation of our data-derived latent classes.
Specificity
Prediction of later language comprehension growth from early performance
On the basis of our fitted latent class model, we estimated the strength of predication of latent class membership using only data that would be available at 24 months and 30 months. The ROC curve for diagnostic ability of the resulting 24-month to 30-month risk score in classifying participants into class 1 or 2 only on the basis of these two early data points is shown in Figure 3 , along with the bootstrap distribution of ROC curves (providing a visual display of the statistical variation) and a 95% confidence band of ROC curves (also expressing statistical variation). The estimated area under the ROC curve was 0.97 (95% bootstrap confidence 0.90-1.0), suggesting that early performance across two time points provides very strong separation between the two latent classes of language comprehension growth in children with CP.
DISCUSSION
This study had three key findings: (1) there were two separate latent class growth trajectories for language comprehension development among children with CP; (2) the two growth trajectories closely mapped onto clinical profile groups such that one trajectory group comprised all but three children in the anarthria group who were unable to speak at 48 to 54 months and the other group comprised all but two children who were able to speak at 48 to 54 months (regardless of whether speech motor impairment was present); (3) early language comprehension change was highly predictive of later trajectory group membership. Results are discussed in the context of the binary latent classes, which were closely tied to speech production ability, and their associated clinical profiles groups. Children who were not able to speak and were classified clinically as having anarthria at 48 to 54 months generally had significant language comprehension delays early in life and limited developmental change over time. Cross classification of children in the anarthria group with latent class findings based on growth trajectories revealed that 93% of what we refer to as the developmentally delayed trajectory latent class comprised children with anarthria at 48 to 54 months of age. The receptive language delay for this group was considerable, both in terms of absolute difference relative to age expectations at 24 months and 48 months and rate of change over time. Early language comprehension scores for children who could not speak were highly predictive of later latent profile group membership on the basis of our latent class analyses. Inspection of Figure 2 shows that all but a very few children in the developmentally delayed trajectory group had findings consistent with mean group results.
Previous research has demonstrated that children who were not able to speak and who had severe gross motor involvement also tended to have significant language comprehension delays. 6, 8 In the present study, most of the children in the anarthria group had severe gross motor involvement (Gross Motor Function Classification System [GMFCS] levels IV and V), and most children had spastic CP; thus our findings, both in terms of the population and their language abilities, are consistent with other literature. It is important to note, however, that information on manual ability such as that provided by the Manual Ability Classification System 23 has the potential to refine our understanding of the extent to which manual ability may have interfered with testing procedures. Similarly, new tools exist for measuring language comprehension in individuals with severe motor challenges; however, they are not yet available in the English language. 24, 25 While the findings of the present study may suggest a poor outlook for children with anarthria, there are several critical considerations that bear discussion. First, although we sought to reduce the impacts of motor impairment on the measurement of language comprehension, some level of motor activity was necessary for children to be given credit for language comprehension items above about a 12-month developmental level. Although we were able to provide modifications, some children with CP still had difficulty using a motor modality, particularly those in GMFCS level V. Given this testing limitation, a key conclusion is that barriers to language comprehension measurement are persistent and show little change between 18 months and 54 months of age. This finding is supported by research examining the stability of functional gross motor skills as captured by the GMFCS. 26 Specifically, children's GMFCS levels tend to be very stable with growth, indicating that children do not outgrow their gross motor challenges with development. On the whole, many of these children simply cannot demonstrate language comprehension abilities through standardized tests using the necessary motor movements.
Children who had CP and were able to speak at 48 to 54 months comprised two groups: those with SMI and those with NSMI. Collectively, these two clinical groups of children comprised one latent class on the basis of LCAE growth trajectories. Cross classification of children in the SMI and NSMI groups with latent class findings showed that 95% of children in this latent class were in one of these two clinical profile groups, with a developmentally appropriate growth trajectory. This combined group had typical receptive language both in terms of mean LCAE scores at 24 months and 48 months and in terms of change over time, although change was slightly accelerated relative to typical expectations. Early language comprehension scores from children who were able to speak at 48 to 54 months were highly predictive of later latent profile group membership on the basis of our observed latent class analyses.
When examined as individual clinical profile groups, children who could speak at 48 to 54 months, but who had SMI, tended to have a constant receptive language delay of about 6 months that persisted through the developmental age range of this study (54mo); however, their rate of change over time was developmentally appropriate, such that a 1-month gain in chronological age yielded a 1-month gain in LCAE. The second group of children who could speak at 48 to 54 months, those with NSMI, had age-appropriate receptive language early in life with accelerated growth over time, resulting in language comprehension abilities slightly above age expectations at 48 months. Previous studies of children with NSMI have suggested that they may have reduced intelligibility relative to typically developing peers. 27 Findings of the present study suggest there may be a gap between speech development, which seems to lag, and language comprehension development, which is slightly accelerated.
Limitations and future directions
This study provides a preliminary glimpse into the complex relationships between speech and language development; however, there were several important limitations to this work. The question of how gross motor skills affected each child's ability to demonstrate language comprehension is an important one. We suggest that results for children in the anarthria group may be more a reflection of persistent motor barriers to testing than language comprehension development, which highlights the value of further development and advancement of tools to measure language comprehension in individuals with severe motor impairment. Also critical is the development of alternative access approaches that are more effective for demonstrating receptive language. Accurate characterization of and models for receptive language acquisition are critical for developing augmentative and alternative communication interventions that enhance language acquisition and allow children to meet their underlying language potential. Results of this study showed that early language comprehension change is highly predictive of growth trajectory to 54 months of age. This finding has important clinical implications, suggesting that reduced language comprehension performance at ages as young as 24 months should be a rapid trigger for early intervention. Specifically, aggressive intervention should be considered to enhance access to alternative modalities for both expressive and receptive language, including augmentative and alternative communication approaches such as aided language stimulation and alternative access tools. 28, 29 In this study, we used standardized receptive language assessment measures that focus on identifying underlying deficits. These measures do not inform our understanding of functional receptive language skills in context, which may be different. Future studies should seek to examine the development of functional comprehension skills in a dyadic communicative context in order to inform how well children with CP are able to participate in real-world communication situations.
